Inorganic nitrogen is an essential nutrient for photosynthetic organisms. Its efficient use in nature involves adaptation of the organisms to the availability of the nitrogen supply, to changing environmental conditions, and to the provision of carbon and other nutrients. The unicellular alga Chlamydomonas provides a useful model to identify not only each of the components participating in the assimilative process in a species, but also the regulatory networks modulating their activity. A remarkable fact is the ample array of transporters for inorganic nitrogen compounds operating in this single cell: 13 putative nitrate/nitrite transporters and eight putative ammonium transporters. However, for nitrate, only a few of them participate as the main suppliers of nitrogen for cell growth, and others probably function to adapt nitrogen utilization efficiency to conditions depending not only on the nitrogen source available but also on other nutrients and environmental conditions. This paper summarizes recent findings in Chlamydomonas to provide an integrated perspective.
The structural components participating in inorganic N assimilation in Chlamydomonas Inorganic N assimilation is a key and apparently simple process in mineral nutrition. For nitrate, it consists of two transport and two reduction steps separated into the cytosol (NO 3 -/NO 2 -) and the chloroplast (NO 2 -/NH 4 + ). Ammonium is finally incorporated into carbon skeletons by the glutamine synthetase/glutamate synthase pathway (Crawford and Arst, 1993; Crawford, 1995; DanielVedele et al., 1998) . Functional genomics approaches and the use of model organisms have allowed the identification of genes and functions for the basic structural components. However, the regulatory circuits are far more complex to decipher since they should have evolved together with the plasticity of the organisms to adapt to changes in nutrient accessibility in addition to their developmental complexity. Thus, new strategies are needed to understand them.
The haploid unicellular green alga Chlamydomonas reinhardtii has been shown to be an excellent model system for studies of fundamental biological processes such as the photosynthetic apparatus, microtubule assembly, flagella movement, or mineral nutrition, among others (Rochaix et al., 1998) . This has been possible because of the development of excellent biochemical, molecular, genetic, and genomic tools. In addition, the Genome Sequence Project (http://www.chlamy.org/) is promoting the use of this organism in functional and comparative genomics studies.
An interesting analysis is derived from the number and type of genes involved in N assimilation in Chlamydomonas when compared with other eukaryotic photosynthetic model organisms: Arabidopsis, a plant; and Ostreococcus, the smallest unicellular green alga (Derelle et al., 2006 ; Table 1 ). The large number of putative transporters for inorganic N in comparison with the number of enzymes of the route is noteworthy. The Chlamydomonas genome contains eight putative ammonium transporters (Amt1) and 13 putative nitrate/nitrite transporters (one Nrt1, six Nrt2, and six Nar1). All these gene families are present in the Ostreococcus genome in much lower numbers, with some difference (two Amt2 are present), and in Arabidopsis in similar numbers but from different families (Nar1 is absent, and Amt2 present).
A general picture of nitrate, nitrite, and ammonium assimilation in Chlamydomonas is shown in Fig. 1 . Some of the direct gene products have been well characterized, and others come from the Chlamydomonas genome database and will require further studies. Different components of the pathway are highlighted here. (i) The family of Nrt2 genes, comprised of six members, seems to be responsible for the entry of nitrate/nitrite with high affinity into the cell (HAN/NiT). Two members of the family (Nrt2.1 and Nrt2.2) require a second component (Nar2) for functionality Zhou et al., 2000a) . (ii) A family of eight AMT1-type ammonium transporters might be related to the transport of ammonium, and representative members could be located at both the plasma and chloroplast membranes (GonzalezBallester et al., 2004) . (iii) Two Pma genes encoding H + ATPases are probably needed for generation of the electrochemical gradient for the transport of nutrients (unpublished data from our group). (iv) An Nia1 gene encodes nitrate reductase, requiring six Cnx genes plus an Mcp gene for biosynthesis and transfer of the molybdenum cofactor to the nitrate reductase enzyme and to other molybdoenzymes (Fernandez et al., 1989; Ataya et al., 2003; Fischer et al., 2006). (v) There is a single Nrt1 gene of unknown function. (vi) Six genes from the Nar1 family are putative nitrite and bicarbonate transporters, some of which encode plastidic transporters, and are differentially regulated by carbon and nitrogen (Rexach et al., 2000; Galvan and Fernandez, 2001; Galvan et al., 2002; Mariscal et al., 2006). (vii) There is a single Nii1 gene for the plastidic nitrite reductase (Quesada et al., 1998b) . (viii) There are three glutamine synthetase genes for plastidic (two) and cytosolic (one) forms (Chen and Silflow, 1996) , two genes for GOGAT (one for the ferredoxin-dependent and another for the NADH-dependent enzyme), and one gene for glutamate dehydrogenase. This plastidic location of complete GS/GOGAT cycles dependent on NADH or ferredoxin points to this organelle as the main site for ammonium incorporation under photosynthetic and non-photosynthetic conditions. Glutamine dehydrogenase has a probable mitochondrial localization and an anaplerotic role in the tricarboxylic acid cycle (Masclaux-Daubresse et al., 2006) . (ix) Finally, a gene for a plastidic malate dehydrogenase (NMdh) and another for mitochondrial alternative oxidase (Aox1) are clustered with the main genes for nitrate assimilation and provide a direct molecular link between NADH and ATP pools for nitrate assimilation (Quesada et al., 2000; Galvan et al., 2002) . A regulatory gene, Nit2, tightly and positively controls the expression of many genes for nitrate assimilation that are clustered on chromosome IX Galvan et al., 2006) .
Nitrate and nitrite have specific transport systems
The Chlamydomonas genome contains three different gene families (Nrt1, Nrt2, and Nar1) encoding putative nitrate/nitrite transporters. The existence of an NRT1 transporter is suggested only from the genome database, and a molecular/functional characterization of this system is needed. However, it is remarkable that Nrt1 genes are widely distributed and abundant in plant genomes, although only a few (four in Arabidopsis) are related to nitrate transport (Williams and Miller, 2001 ). The AtNrt1.1 gene is the best studied gene from this family and is involved in regulating multiple functions. (i) AtNRT1.1 appears to be a dual affinity nitrate transporter that shows high affinity (HANTS) or low affinity (LANTS) depending on its phosphorylation state. The phosphorylated form (HANTS) is triggered under limited external NO 3 -, adapting the functional properties of the transporter to the resource level in the root environment (Wang et al., 1998; Liu and Tsay, 2003) . (ii) AtNRT1.1 has a crucial role in early phases of the development of young organs (root tips, emerging lateral roots, and nascent leaves) (Guo et al., 2001) . (iii) AtNRT1.1 contributes to drought susceptibility because of its role in stomatal opening (Guo et al., 2003) . Two model microalgae (Ostreococcus and Chlamydomonas) contain a single Nrt1 gene, and it will be interesting in the future to determine the role(s) of this putative transporter in algae.
NRT2 transporters are also widely distributed and constitute a family comprised of six and seven members in Chlamydomonas and Arabidopsis, respectively. In Arabidopsis, these genes are differentially expressed in plant tissues with a pattern that can depend on the external N supply (Orsel et al., 2002; Okamoto et al., 2003) . AtNrt2.1 is the major inducible HANT and contributes to normal plant development in low nitrate (Filleur et al., 2001; Little et al., 2005; Li et al., 2007) .
NRT2 proteins have typical carrier-type structures with 12 putative transmembrane (TM) domains; however, some of them require for functionality a second component consisting of a TM domain protein (NAR2). Thus, NRT2 transporters are classified into single-(NRT2) or twocomponent (NRT2/NAR2) systems Zhou et al., 2000a; Tong et al., 2005; Okamoto et al., 2006; Orsel et al., 2006) .
Comparative studies of Chlamydomonas strains containing or lacking particular transport genes have resulted in the following information. To date, four different transport systems have been identified as being involved in nitrate/ nitrite transport into cells, all with high affinity but with different ion specificity and regulation (Table 2) . Transport system I is bispecific for nitrate and nitrite (HANT/ HANiT) and requires Nrt2.1 and Nar2. The nitratespecific transport system II (HANT) requires Nrt2.2 and Nar2 Zhou et al., 2000a) . System III, which is Nar2 independent, shows high affinity for Inorganic N assimilation in Chlamydomonas 2281 nitrite (HANiT) but low affinity for nitrate, and probably corresponds to NRT2;3 (Quesada et al., 1998a; Rexach et al., 1999) . Finally, system IV is bispecific for nitrate and nitrite (HANT/HANiT) and is proposed to be encoded by a member of the Nrt2 family in Chlamydomonas (Rexach et al., 1999; Navarro et al., 2000) . These four transporters show a differential regulation by ammonium, CO 2 , and chloride. Systems I, II, and III operate optimally at high CO 2 and are inhibited by ammonium but not by chloride. In contrast, system IV operates efficiently at low CO 2 and is inhibited by chloride but not by ammonium Rexach et al., 1999) . These transport systems I, II, and III are induced by nitrate and repressed by ammonium, and system IV is constitutively expressed. Interestingly, there are several facts that should be pointed out.
(i) Systems I and II not only have a high affinity for nitrate, especially system I, but also have the highest capacity for mediating efficient growth (Table 2) . Mutants lacking these two systems can only grow on nitrate media at a very low rate, even though other genes Nrt2 (Nrt2.3-Nrt2.6) and Nar2 exist. These Chlamydomonas HANT mutants are distinguished as pale green colonies in nitrate media, and can be transformed with plasmids having either Nrt2.1+Nar2 or Nrt2.2+Nar2 genes, giving rise to transformants selectable as dark green colonies.
(ii) NAR2 is only required for these two HANTs (I and II), but not for other HAN/NiT systems such as systems III and IV, indicating that transporters of the NRT2 family can function either as two-component HATS, as also shown in plants Zhou et al., 2000a; Tong et al., 2005; Okamoto et al., 2006; Orsel et al., 2006) , or just as a onecomponent system as also shown in Aspergillus NRTA (CRNA) with a different structural organization from the plant-type NRT2 (Unkles et al., 1991; Rexach et al., 1999; Navarro et al., 2000; Zhou et al., 2000b; Derelle et al., 2006) .
(iii) Though nitrate is the main form of oxidized nitrogen in natural environments, nitrite being very scarce (Crawford, 1995; Glass et al., 2002) , the nitrite anion is efficiently assimilated in Chlamydomonas. These four HANTs show a very definite selectivity towards nitrate or nitrite. The HANT systems I and IV are bispecific for both anions, whereas systems II and III are more selective for nitrate and nitrite, respectively (Table 2) .
Nitrite transport to the chloroplast is a mediated process and connected to bicarbonate transport A third family of transporters for nitrate assimilation in Chlamydomonas corresponds to NAR1 proteins. The Nar1 family consists of six genes Mariscal et al., 2006) that encode proteins homologous to bacterial putative formate/nitrite transporters (FNT) (Peakman et al., 1990; Suppmann and Sawers, 1994; Rexach et al., 2000; Galvan et al., 2006) . FNT proteins seem to be restricted to bacteria and protist organisms, and are absent in plants. This is especially interesting in some yeasts such as Saccharomyces cerevisiae, incapable of assimilating nitrate, suggesting that these NAR1 proteins might fulfil important influx or efflux transport activities across the membranes for nitrite or other structurally related monovalent anions (formate, bicarbonate, etc.). Studies in Chlamydomonas support that NAR1.1 mediates nitrite transport to the chloroplast and makes nitrate assimilation efficient according to carbon availability (Rexach et al., 2000; Galvan et al., 2002) . This indicates a cross-regulation point for carbon-nitrogen mediated by a transporter. However, this important function in plants is still to be identified. Characterization of the whole Nar1 gene family and their deduced proteins has shown the following facts (Table 3) .
(i) NAR1.1, NAR1.2, and NAR1.5 are plastidic proteins containing putative chloroplast transit peptides, whereas NAR1.3, NAR1.4, and NAR1.6 are possibly plasma membrane proteins . Interestingly, phylogenetic analysis locates NAR1.1, NAR1.2, and NAR1.5 in a common branch separated from NAR1.3, NAR1.4, and NAR1.6 that group together.
(ii) Two model proteins are deduced with either a short (NAR1.1, NAR1.2, NAR1.4, and NAR1.5) or a long (NAR1.3 and NAR1.6) C-terminus , though the physiological significance of this is unknown.
(iii) Nar1 transcripts are differentially regulated by C and N sources and the general C and N regulatory genes: Nar1.1 and Nar1.6 by nitrogen and Nit2, the regulatory gene for nitrate assimilation (Rexach et al., 2000; Mariscal et al., 2004; Mariscal et al., 2006) , and Nar1.2 by carbon and ccm1, the central regulatory gene for carbon assimilation (Miura et al., 2004; Mariscal et al., 2006) . The other genes, Nar1.3, Nar1.4, and Nar1.5, show an expression pattern independent of Nit2 and ccm1 but slightly modulated by the nitrogen or carbon source.
(iv) The functionality of NAR1 proteins as nitrite and bicarbonate transporters was successfully obtained by expression of NAR1.2 in Xenopus oocytes . These findings and those on NAR1.1 (Mariscal et al., 2004) support that nitrite and bicarbonate transport to the chloroplast are interlinked processes.
Ammonium transport
Ammonium is the preferred nitrogen source for Chlamydomonas and negatively signals nitrate assimilation genes (Fernandez et al., 1998) . Since ammonium is mostly incorporated into carbon skeletons in the chloroplast (Fig. 1) , transporters are required at both plasma and chloroplast membrane levels to ensure appropriate ammonium assimilation. This green alga has the largest AMT1 family of ammonium transporters so far described, consisting of eight members (Gonzalez-Ballester et al., 2004) . There are 10 putative Amt genes in rice, from four families, three each encoding OsAMT1, OsAMT2, and OsAMT3, and one encoding OsAMT4 (Suenaga et al., 2003) . These AMT proteins belong to a superfamily having an additional component, the Rh protein, whose best known member is the human Rh blood group factor abundant in red blood cell membranes (Avent and Reid, 2000) . Evidence has been provided that the Chlamydomonas Rh1 protein is a gas channel for CO 2 (Soupene et al., 2002 (Soupene et al., , 2004 . The structure of the AmtB protein from Escherichia coli was determined at 1.35 Å resolution, showing that NH 4 + is bound to ligands and deprotonated to NH 3 gas that is finally transported though the protein channel (Khademi et al., 2004) . The eight CrAMT1s have been phylogenetically analysed and shown to group into three subclasses: AMT1.1, AMT1.3, and AMT1.5 group together (subclass I) close to AMT1.2, AMT1.4, and AMT1.6 (subclass II), with AMT1.7 and AMT1.8 grouping in a separate branch (subclass III) (GonzalezBallester et al., 2004) . The putative localization of some CrAMTs is indicated in Fig. 1 . It is also interesting to note that CrAmt1.5 and CrAmt1.7 show alternative splicing to two different transcripts whose significance will have to be determined (Gonzalez-Ballester et al., 2004; Kim et al., 2005) .
CrAmt1 genes have differential expression patterns in response to the nitrogen source, although carbon does not seem to affect this. CrAmt1.1 and CrAmt1.2 are strongly induced in the absence of any nitrogen source, suggesting a role in high affinity transport (Gonzalez-Ballester et al., 2004) . Expression of CrAmt1.4 is also enhanced in media containing a poor nitrogen source such as arginine (Kim et al., 2005) . The negative effect of nitrate on CrAmt1.1 appears to be 2-fold; one effect has been related to its reduction to ammonium, and another to itself mediated by the regulatory gene Nit2, specific for nitrate assimilation. Thus, NIT2 was proposed to have a dual role on gene Table 3 . Characteristics of NAR1 proteins from Chlamydomonas
The characteristics of NAR1 systems are taken or deduced from Rexach et al. (2000) and Mariscal et al. (2006) .
Amino acid residues
Predicted chloroplast transit peptide expression: the well-known positive one on nitrate assimilation (Fernandez et al., 1998 ) and a novel negative one on Amt1;1 regulation (Gonzalez-Ballester et al., 2004) . Methylammonium is a non-metabolizable ammonium analogue (Franco et al., 1984) that has been used to isolate methylammonium-resistant mutants and to study ammonium transport processes (Franco et al., 1988) . Two activities were determined varying in their specificity and capacity for ammonium transport. However, the picture now appears to be much more complex. Sixteen spontaneous methylammonium-resistant mutants have been isolated and characterized in Chlamydomonas (Kim et al., 2005) . They were affected in terms of their methylammonium accumulation capacity and uptake. Most mutations conferring resistance to methylammonium are in Amt1.4 (also named Amt4), and a high proportion of spontaneous mutations are caused by transposon-related events (Kim et al., 2006) . The properties of the amt4 mutants are different from those of rh1 RNAi lines, supporting that the physiological substrates for AMT and RH proteins are NH 3 and CO 2 , respectively (Kim et al., 2005) .
How are nitrate and ammonium sensed?
One of the most intriguing and interesting questions of the nitrate pathway relates to the sensing of positive and negative signals modulating nitrate assimilation. Nitrate is not only an essential nutrient that activates the expression of genes involved in its assimilation pathway, but is also a signalling molecule (Crawford, 1995; Crawford and Glass, 1998; Daniel-Vedele et al., 1998; Fernandez et al., 1998; Forde, 2000) modulating metabolic carbon allocation (Scheible et al., 1997a) , alternative pathways of the respiratory chain (Escobar et al., 2006) , root-shoot balance (Scheible et al., 1997b) , seed dormancy (Alboresi et al., 2005) , and root development (Zhang et al., 2000; Walch-Liu et al., 2006) in plants and gametogenesis in Chlamydomonas (Pozuelo et al., 2000) . On the other hand, ammonium, or glutamine, provides a negative signal, which leads to repression of nitrate transporters and enzymes of the pathway (Crawford and Arst, 1993; Crawford, 1995; Quesada et al., 1997; Fernandez et al., 1998; Vidmar et al., 2000) .
In Chlamydomonas, it was shown that nitrate signalling on the Nia1 gene promoter occurs intracellularly and depends on the activity of nitrate transporters . Other genes involved in nitrate/nitrite assimilation (Nii1, Nrt2;1, Nrt2;3, and Nar1) were also found to be optimally signalled by the activity of the HANT system I (NRT2;1, NAR2) Rexach et al., 2002) . In Arabidopsis, it has been shown that NRT1.1-mediated repression of NRT2.1/NAR2.1 (NRT3.1) at high nitrate is relieved at low nitrate supply in the presence of ammonium; it has been proposed that NRT1.1-mediated regulation of NRT2.1/NAR2.1 is a mechanism able to satisfy a specific nitrate demand of the plant in relation to the various specific roles that nitrate plays, in addition to being an N source (Krouk et al., 2006) .
The complex network of transporters in the nitrate assimilation pathway seems to be required to ensure efficient nitrogen incorporation for growth and differentiation under different environmental conditions. However, the precise role of each transporter in the improvement of nitrate use efficiency is not still understood.
In contrast to the well-characterized fungal systems (Crawford and Arst, 1993; Marzluf, 1997) , no regulatory genes have been clearly connected to the nitrate assimilation pathway in plants (Daniel-Vedele et al., 1998) ; only in Chlamydomonas has a regulatory gene Nit2 been shown to be essential in the positive control of genes for the nitrate pathway (Fernandez and Matagne, 1986; Fernandez et al., 1998; Quesada et al., 1998a) . Nit2 was cloned (Schnell and Lefebvre, 1993) and is presently being characterized both structurally and functionally (Camargo, 2006) .
Concerning the negative control, different negative regulatory loci (Nrg1-4, Far1) identified by insertional mutagenesis have been reported to mediate ammonium repression with partial phenotypes for the nitrate transport and reduction steps (Prieto et al., 1996; Zhang and Lefebvre, 1997; Perez-Alegre et al., 2005) . In plants, no genes mediating positive effects of nitrate and negative effects of ammonium in the nitrate pathway have been reported. It has previously been proposed that in plants several genes might participate, so that deficiencies in each of them would lead to partial phenotypes not strong enough for the detection of the lack of induction/ repression effects in a mutant . In fact, as has recently been found, ammonium-negative effects appear complex, mediated by different genes, and dependent on ammonium concentration (de Montaigu, 2006) .
To identify regulatory elements of the pathway, a major effort has been made to target Chlamydomonas genes by constructing an ordered insertional mutant library. Insertional mutagenesis was performed in a strain bearing a 'nitrate-pathway sensor gene' for positive and negative regulation, the arylsulfatase reporter gene under the control of the Nia1 gene promoter (Gonzalez-Ballester et al., 2005) . This procedure of insertions in the Chlamydomonas genome generally causes deletions of DNA fragments from 5 kb to 57 kb (Kindle, 1998; Pazour and Witman, 2000; Cenkci et al., 2003) that estimated a good coverage of the genome, making the collection representative for identifying non-essential genes related to the nitrate pathway. One hundred and forty-five mutants were isolated, with phenotypes of nitrate insensitivity, ammonium insensitivity, and overexpression in nitrate, that were capable or incapable of growing on nitrate medium (Gonzalez-Ballester et al., 2005) . It has been shown that: (i) Nit2 is the key gene for positive nitrate signalling, encoding a transcriptional factor with structural characteristics different from the regulatory genes reported in fungi (Camargo, 2006) ; (ii) several genes and signalling cascades participate in the negative signalling by ammonium by means of complex pathways dependent on the ammonium concentration (de Montaigu, 2006) ; and (iii) in addition to Nit2, other genes modulate the positive signalling by nitrate.
Future perspectives
The nitrate pathway involves at least four cell compartments (cytosol, nucleus, chloroplast, and mitochondria) participating in expression, transport, reduction, and signalling steps. They are required to ensure the proper synthesis of enzymes and transporters, and the supply of ATP and reducing power needed for nitrate transport and reduction (Quesada et al., 2000) . There are still some challenges that need to be addressed for a proper understanding of the pathway in photosynthetic eukaryotes. These include the precise role of each of the numerous transporters participating in providing not only the appropriate nutrients but also the proper signal for modulating the complete pathway. Nitrogen assimilation in photosynthetic eukaryotes has to be encompassed within that of other nutrients, where carbon plays a major role. Regulatory genes for positive and negative signalling of the nitrate pathway are starting to be identified, and their study in the organism as a whole will probably constitute a relevant task in the coming years.
